Introduction
Copper (Cu) is an essential element that participates as a redoxactive cofactor in fundamental biological processes. In plants, Cu is required for respiration, photosynthesis, superoxide scavenging, cell wall remodeling, ethylene perception and response to pathogens (Puig et al. 2007 , Burkhead et al. 2009 , Yuan et al. 2010 . Low Cu bioavailability leads to multiple defects in plants, including reduced growth, distortion and chlorosis of young leaves, and decreased seed and fruit formation (Märschner 2002) . At elevated concentrations, Cu can replace other metal cofactors in their natural metalloproteins or generate harmful reactive oxygen species that cause oxidative damage to cells at the level of nucleic acids, proteins and lipids (Halliwell and Gutteridge 1984, Pena et al. 1999) . Thus, Cu excess in plants leads to chlorosis of vegetative tissue, diminished root growth, flower and germination defects and reduced iron uptake (Märschner 2002) . Therefore, plants have developed sophisticated mechanisms to maintain adequate Cu levels at both the subcellular and tissue level (Puig et al. 2007 , Burkhead et al. 2009 ).
In the model plant Arabidopsis thaliana, a protein with similarity to Chlamydomonas reinhardtii Crr1 transcription factor denoted as SPL7 plays a central role in regulating Cu homeostasis (Kropat et al. 2005 , Yamasaki et al. 2009 , Bernal et al. 2012 . In response to Cu deficiency, SPL7 transcription factor activates the expression of multiple genes that contain within their promoter reiterative Cu-response elements (CuREs) with a GTAC motif as an essential core sequence , Yamasaki et al. 2009 , Bernal et al. 2012 . SPL7 activates the expression of genes involved in Cu acquisition (FRO4 and FRO5 metalloreductases; COPT1 and COPT2 Cu transporters) and Curegulated microRNAs (miR397, miR398, miR408 and miR857) that promote the down-regulation of Cu-dependent proteins including Cu/zinc-superoxide dismutase, plantacyanin and multiple laccases (Yamasaki et al. 2007 , Abdel-Ghany and Pilon 2008 , Yamasaki et al. 2009 , Bernal et al. 2012 , PereaGarcia et al. 2013 . In response to low Cu, Arabidopsis SPL7 also activates the transcription of the iron-superoxide dismutase FSD1 to compensate for the decreased Cu-dependent superoxide dismutase activity (Abdel-Ghany et al. 2005 , Yamasaki et al. 2009 ). Therefore, in response to Cu deficiency, plants activate Cu uptake and mobilization, minimize Cu utilization in dispensable pathways, and prioritize Cu utilization in essential processes such as photosynthetic electron transport (Garcia-Molina et al. 2011 , Ravet et al. 2011 ).
An important step to control Cu homeostasis takes place at the level of Cu acquisition from the extracellular environment and mobilization from storage compartments. In eukaryotic organisms, a conserved family of high-affinity Cu transport proteins, denoted as the CTR/COPT family, mediates Cu transport into the cytoplasm , Nevitt et al. 2012 . Biochemical, genetic and structural data have demonstrated that CTR/COPT proteins possess three transmembrane domains (TMDs) and assemble as symmetrical homotrimers with an extracellular N-terminal region (Eisses and Kaplan, 2002 , Klomp et al. 2003 , De Feo et al. 2009 ). CTR/COPT proteins contain conserved motifs that are required for efficient Cu transport, including methionine-rich motifs at the N-terminal domain and an Mx 3 Mx 12 Gx 3 G motif within TMD2 and TMD3 , Aller et al. 2004 . It has been proposed that these conserved methionine residues transiently coordinate Cu during the mechanism of transport , Xiao and Wedd 2002 , Xiao et al. 2004 . Some CTR/COPT transporters also contain cysteinerich CxC motifs that have been implicated in blocking Cu transport in response to excess Cu (Wu et al. 2009 ).
The budding yeast Saccharomyces cerevisiae is unable to grow on non-fermentable carbon sources and iron-deficient media in the absence of the high-affinity Cu transport proteins Ctr1 and Ctr3 at the plasma membrane due to a defect in Cu delivery to mitochondrial Cyt c oxidase (COX) and to the Fet3 multiCu-ferroxidase, respectively. Functional complementation experiments in the yeast ctr1Dctr3D mutant strain have allowed the identification of a family of CTR/COPT high-affinity Cu transport proteins in Arabidopsis plants (Kampfenkel et al. 1995 , Sancenon et al. 2003 . The first COPT family member to be identified and characterized was Arabidopsis COPT1, which fully complements the respiratory defect of the ctr1Dctr3D yeast mutant (Kampfenkel et al. 1995 , Sancenon et al. 2003 , Sancenon et al. 2004 . COPT1 is mostly expressed in the root apex, pollen grains, trichomes and stomata (Sancenon et al. 2004) . Studies with wild-type and COPT1-defective Arabidopsis plants indicate that COPT1 is a plasma membrane protein that functions in root Cu acquisition and pollen development (Sancenon et al. 2004 . Furthermore, COPT1 expression is increased in an SPL7-dependent manner in response to Cu starvation conditions that lead to reduced root elongation and vegetative growth in COPT1-defective plants, supporting that COPT1 plays a crucial role in Cu acquisition when Cu availability decreases (Sancenon et al. 2003 , Sancenon et al. 2004 , Yamasaki et al. 2009 ). Overexpression of COPT1 (and COPT3) results in increased Cu accumulation, sensitivity to Cu excess and soil-associated phenotypes including reduced growth and altered leaf morphology ). Arabidopsis COPT2 is also able to complement fully the respiratory defects of a yeast ctr1Dctr3D mutant strain and its mRNA levels are increased by SPL7 transcription factor in response to low Cu (Sancenon et al. 2003 , Yamasaki et al. 2009 , Perea-Garcia et al. 2013 . COPT2 is a cell surface Cu transporter expressed in roots, young leaves, cotyledons, apical meristem, trichomes and anthers (Perea-Garcia et al. 2013) . COPT2 functions in Cu acquisition and the cross-talk between iron deficiency responses and low-phosphate signaling (Perea-Garcia et al. 2013 ). Other COPT family members such as COPT5 only partially revert the respiratory defect of yeast ctr1Dctr3D cells, suggesting that they function intracellularly (Sancenon et al. 2003) . COPT5 protein localizes to the vacuolar tonoplast and pre-vacuolar compartment in Arabidopsis cells (Garcia-Molina et al. 2011 , Klaumann et al. 2011 . Although COPT5 transcript levels are not altered by Cu availability, copt5 knock-out plants exhibit chlorosis, impairment in photosynthetic electron transfer, root elongation defects and compromised vegetative growth under severe Cu starvation conditions (Sancenon et al. 2003 , Garcia-Molina et al. 2011 , Klaumann et al. 2011 . COPT5 is mostly expressed in root vascular tissues and siliques, although it is also detected to a much lower extent in trichomes, meristem, vascular conduits of cotyledons and leaves, and reproductive organs, but not pollen (Garcia-Molina et al. 2011) . Biochemical studies have demonstrated that copt5 knock-out plants have reduced vacuolar Cu export that leads to Cu accumulation in the root and decreased Cu in siliques and seeds, strongly suggesting that COPT5 functions in Cu distribution from the root to reproductive tissues (Klaumann et al. 2011) . Members of the CTR/ COPT family of Cu transport proteins have been identified in other photosynthetic organisms including the unicellular green alga C. reinhardtii and crops of agricultural interest such as rice (Page et al. 2009 , Yuan et al. 2011 .
A recent study has focused on COPT6 (Jung et al. 2012 ), which has been described as an additional member of the Arabidopsis CTR/COPT family of Cu transport proteins ). This study showed that COPT6 complements the lack of growth of a ctr1Dctr2Dctr3D yeast strain, which is defective in both Cu uptake at the plasma membrane and Cu mobilization from the vacuole, in non-fermentable carbon sources (Jung et al. 2012) . Overexpression in both yeast cells and Arabidopsis plants suggests that COPT6 functions in Cu accumulation (Jung et al. 2012) . Interestingly, expression in the vasculature suggests a potential COPT6 function in plant Cu distribution; however, no supporting evidence is reported in a copt6-1 mutant plant with a T-DNA insertion 110 bp upstream of the COPT6 start codon (Jung et al. 2012) . The work shown here expands these findings, with special emphasis on COPT6 function in plant Cu homeostasis. Our results indicate that Arabidopsis COPT6 functions as a high-affinity Cu transport protein at the cell surface of aerial vascular tissues and reproductive organs. Importantly, the characterization of a copt6 mutant line that includes a T-DNA insertion within the COPT6 coding sequence and two independent COPT6-complemented lines demonstrates that COPT6 is required for appropriate Cu distribution to leaves and seeds during periods of Cu deficiency.
Results
Arabidopsis COPT6 complements the respiratory and iron deficiency defects of a yeast mutant defective in copper uptake
As a consequence of a re-annotation of the Arabidopsis genome, we identified a potential Cu transport gene (At2g26975) that encodes a 145 amino acid protein that we named COPT6 . The COPT6 protein sequence displays multiple features conserved in other COPT/CTR-type transport proteins including three TMDs and the conserved Mx 3 M and Gx 3 G motifs within TMD2 and TMD3, respectively Fig. 1A) . A recent study has shown that COPT6 complements the lack of growth in non-fermentable carbon sources of the ctr1Dctr2Dctr3D yeast mutant, in an Mx 3 M-dependent manner (Jung et al. 2012) . To study COPT6 function in Cu transport and utilization further as compared with other members of the Arabidopsis COPT family of Cu transporters, we expressed COPT1, COPT2, COPT3, COPT5 and COPT6 under the control of the constitutive TDH3 promoter in the ctr1Dctr3D yeast strain lacking highaffinity Cu transport at the plasma membrane, but with no defects in vacuolar Cu mobilization. As shown in Fig. 1B , in addition to complementing the ctr1Dctr3D growth defect on media with non-fermentable carbon sources (YPEG), COPT6 also rescues the growth defect of ctr1Dctr3D cells under irondeficient conditions achieved by the addition of the Fe 2+ -specific chelator bathophenanthroline disulfonate (BPS). This result suggests that COPT6 provides Cu to both the mitochondrial COX and the Fet3 multiCu-ferroxidase essential for high-affinity iron acquisition. Compared with other COPT family members, COPT6 complements the ctr1Dctr3D growth defect in respiratory-and iron-deficient conditions similarly to COPT1 and COPT2, whereas COPT3 and COPT5 only partially revert ctr1Dctr3D growth (Fig. 1B) . Taken together, these data indicate that COPT6 is as efficient as the plasma membrane COPT1 and COPT2 transporters in Cu delivery to the yeast COX and Fe acquisition systems.
COPT6 is a plasma membrane protein mostly expressed in aerial vascular and reproductive tissues
To ascertain the function of COPT6 in Arabidopsis plants, we have determined COPT6 subcellular and tissue-specific expression patterns. Consistent with complementation of yeast mutants defective in plasma membrane high-affinity Cu uptake and with a recent study (Jung et al. 2012) , the subcellular localization of a functional COPT6-green fluorescent protein (GFP) fusion protein in Arabidopsis protoplasts overlaps with the FM4-64 lipophilic styryl dye at 4 C, indicating that COPT6 is a plasma membrane protein in plant cells ( Fig. 2A) . Furthermore, transgenic plants expressing the COPT6 promoter region fused to the b-glucuronidase (GUS) reporter gene (pCOPT6-GUS plants) indicate that COPT6 is mostly expressed in shoots including cotyledons and leaves, but is absent in primary roots (Fig. 2B, C) . In adult plants, we observe that COPT6 is expressed in the vascular conduits of the stem and leaves, meristem, trichome and stomata ( Fig. 2D-G) . In pre-anthesis flowers, COPT6 is present in pistil and filaments ( Fig. 2H) , whereas in post-anthesis flowers COPT6 is also detected in pollen (Fig. 2I, J) . During the development of the siliques, COPT6 is expressed in transmitting tissue and in the seed envelope, but not in the seed micropyle (Fig. 2K, L) . Finally, COPT6 is also present in embryos (Fig. 2M) . These results are consistent with previous studies (Jung et al. 2012) indicating that COPT6 is a plasma membrane protein mostly expressed on the plant aerial part, especially in vascular conduits and reproductive organs.
COPT2 and COPT6 display a different pattern of regulation by Cu availability
The transcription of multiple genes involved in the Arabidopsis response to Cu deficiency, including the iron superoxide dismutase FSD1 and the Cu transporters COPT1 and COPT2, is activated when the environmental Cu concentration decreases (Yamasaki et al. 2009 , Bernal et al. 2012 ). It has been previously shown that COPT6 mRNA is also up-regulated in response to Cu deficiency (Jung et al. 2012) ; however, little is known about the range of Cu concentrations that mediate COPT6 activation as compared with other Cu-responsive genes. To address this question, we have determined by quantitative PCR (qPCR) the COPT6 and COPT2 mRNA levels in 7-day-old Arabidopsis seedlings grown under Cu-deficient conditions [half-strength Murashige and Skoog medium (1/2 MS medium) + 100 mM of the specific Cu + chelator bathocuproine disulfonic acid (BCS)], Cu-sufficient conditions (1/2 MS medium + 1 mM CuSO 4 ) and Cu excess (1/2 MS medium + 10 mM CuSO 4 ). As shown in Fig. 3 , COPT2 mRNA levels do not display any alteration between Cu excess and Cu-sufficient conditions, whereas COPT6 expression is significantly increased. Upon Cu deficiency, COPT2 mRNA is strongly up-regulated ($11-fold), whereas COPT6 increase by Cu deficiency is less severe ($4-and $2-fold in comparison with 10 and 1 mM, respectively). These results indicate that COPT6 displays a less severe and a more gradual induction than COPT2 as Cu availability decreases.
Isolation of a copt6 mutant line with a T-DNA insertion within the COPT6 coding sequence
To gain insight into the function of COPT6 in plant Cu homeostasis, we obtained the Arabidopsis T-DNA insertion line AL953351 from the GABI-Kat project (hereinafter denoted C on SC-ura and YPD with or without BPS (100 mM), and on ethanol/glycerol (YPEG) with or without CuSO 4 (100 mM) for 3-9 d. the copt6 mutant). We mapped its T-DNA insertion site to 21 nucleotides downstream of the COPT6 translation initiation codon, strongly suggesting that this line could allow the isolation of a loss-of-function mutant (Fig. 4A ). Mutants were selfpollinated and homozygous plants were identified by PCR with specific oligonucleotides ( Fig. 4B ; and Materials and Methods). By semi-quantitative PCR using primers that amplify the COPT6 coding sequence, we determined COPT6 transcript levels in the copt6 homozygous line as compared with wild-type plants grown under different Cu availability conditions (see the Materials and Methods). As shown in Fig. 4C , COPT6 expression levels in copt6 plants remain below the levels of detection, whereas a slight increase is observed in wild-type plants in response to Cu scarcity, consistent with its Cu-dependent regulation. The expression levels of CSD1 and FSD1 genes were used as controls for Cu-regulated genes (Fig. 4C) . Taken together, these results indicate that the copt6 homozygous line does not express the entire COPT6 mRNA.
To characterize further the copt6 homozygous line, we ascertained the presence of any transcript downstream of the T-DNA insertion line. For this purpose, we used qPCR and two oligos within this region (see the Materials and Methods). As shown in Fig. 3 , analyses by qPCR indicate that copt6 plants display at least a 3-fold decrease in mRNA expression at the COPT6 locus in conditions of Cu excess (10 mM Cu), and uncover that wild-type plants display a COPT6 basal expression even under Cu excess. Consistent with the lack of COPT6 promoter regulation, residual expression at the COPT6 locus is not increased by Cu deficiency in copt6 mutant plants, as occurs in wild-type plants (Fig. 3) . Furthermore, its altered 5 0 end, which lacks the first 21 nucleotides of the COPT6 coding sequence, suggests that it is probably not translated to any functional protein. These results strongly suggest that copt6 is an Arabidopsis mutant line that does not express a functional COPT6 protein.
To complement the copt6 mutant plant, a pCOPT6-COPT6 construct containing the COPT6 coding sequence under the control of its endogenous promoter was integrated into the copt6 line. Two COPT6-complemented lines, referred to as COPT6#1 and COPT6#2, were independently isolated and further analyzed for COPT6 expression. As shown in Fig. 3 , both complemented lines recover the COPT6 expression levels of wild-type plants grown under 10 mM Cu. Furthermore, both COPT6-complemented lines rescue the gradual up-regulation of COPT6 mRNA levels observed in wild-type plants upon Cu deficiency. These results indicate that both COPT6-complemented lines fully recover the COPT6 expression defects of the copt6 mutant line and are appropriate to address the specificity of any phenotype associated with the lack of COPT6.
COPT6 is important for plant Cu distribution under Cu-deficient conditions
To ascertain the function of the COPT6 transport protein in Arabidopsis plants, we grew the copt6 mutant line in standard conditions including soil and 1/2 MS medium plates, and no significant growth or Cu accumulation differences were observed when compared with wild-type lines (data not shown). Given that our data suggest that COPT6 functions in the aerial vascular tissues and its expression is regulated by Cu availability, we decided to determine the endogenous Cu levels in organs from wild-type, copt6 and COPT6-complemented plants grown under different environmental Cu concentrations. For this purpose, plants were grown in hydroponic Wild-type (WT) and copt6 seedlings were grown as described in Fig. 3 . Total RNA was isolated, and the mRNA levels of COPT6, CSD1, FSD1 and ACT1 were determined by semi-quantitative PCR at non-saturating conditions (see the Materials and Methods). Fig. 3 Regulation of COPT6 mRNA by Cu. Total mRNA from 7-dayold wild-type (WT), copt6, COPT6#1 and COPT6#2 seedlings grown on 1/2 MS medium supplemented with 1% (w/v) sucrose and the specific Cu + -chelator BCS (100 mM) or CuSO 4 (1 or 10 mM) was isolated, retrotranscribed to cDNA and analyzed by qPCR with specific primers downstream of the T-DNA insertion site (see the Materials and Methods). COPT2 and COPT6 mRNAs were normalized to UBQ10 levels. Error bars represent the standard deviation for at least three independent experiments. cultures in the presence (+Cu) or absence (-Cu) of 1 mM Cu, and the endogenous Cu levels were determined by inductively coupled plasma mass spectrometry (ICP-MS) in roots, stem, leaves and seeds. Under Cu-sufficient conditions, we do not observe any significant difference in tissue-specific Cu accumulation between wild-type, copt6 and COPT6-complemented plants ( Fig. 5; Supplementary Fig. S1 ). In all tissues analyzed, the levels of endogenous Cu decrease when plants are grown under Cu-deficient conditions as compared with Cu sufficiency ( Fig. 5; Supplementary Fig. S1 ). Furthermore, no difference in root and stem Cu levels is observed between wild-type and copt6 plants grown under low Cu (Supplementary Fig. S1 ). Importantly, we observe that copt6 mutants grown under Cu-deficient conditions display an approximately 35% increase in the endogenous levels of Cu in rosette leaves as compared with wild-type and COPT6-complemented plants (Fig. 5) . Moreover, seeds from Cu-deficient copt6 plants display an approximately 40% decrease in endogenous Cu as compared with wild-type and COPT6-complemented plants. Since COPT6 is expressed in Arabidopsis reproductive tissues and Cu accumulation in seeds is altered in copt6 knock-out mutants, we decided to investigate further in more detail the Cu distribution in copt6 seeds. We used the Cu + -specific fluorescent probe Coppersensor-3 (CS3) (Dodani et al. 2011) to determine the distribution of labile Cu in seeds of wild-type, copt6 mutants and COPT6-complemented plants grown in the presence (+Cu) or absence (-Cu) of 1 mM Cu. In both conditions, all plant lines display a similar pattern of CS3 signal distribution due to Cu + accumulation in the tissue or extracellular matrix space separating the embryo and the aleurone layer of the seed envelope (Fig. 6A) . Image quantification of the CS3 signal shows that seed Cu + levels decrease in response to Cu deficiency in all cases, with a drop observed for the copt6 mutant line (Fig. 6B) . These results are consistent with the seed Cu accumulation data obtained by ICP-MS (Fig. 5B) , which emphasize the difficulty for seeds to acquire Cu in the absence of COPT6. Taken together, these data strongly suggest that COPT6 plays an important role in plant Cu distribution between leaves and seeds when Cu is limiting.
COPT6 overexpression leads to growth defects and altered leaves
Previous results have shown that overexpression of COPT1, COPT3 and COPT6 Cu transporters in Arabidopsis leads to an increase in endogenous Cu and exacerbated sensitivity to excess Cu as found in root length assays (Andres-Colas et al. , Jung et al. 2012 ). Interestingly, COPT1-and COPT3-overexpressing plants display additional phenotypes when grown in soil, which include a decrease in the growth rate and hyponastic leaves (Andres-Colas et al. 2010). To ascertain whether COPT6 overexpression also leads to these additional phenotypes, we generated transgenic plants overexpressing COPT6 with a hemagglutinin (HA) epitope translationally fused to its C-terminus (COPT6 OE ; Fig. 7A ). COPT6 OE plants were grown in soil and compared with wild-type plants. As shown in Fig. 7B . Taken together, these and previous results indicate that, in addition to higher endogenous Cu levels and Cu sensitivity, overexpression of Cu transporters from the COPT family also leads to a general growth defect and hyponastic leaves when grown in soil.
Discussion
In response to Cu deficiency, Arabidopsis SPL7 transcription factor activates the expression of COPT1 and COPT2 Cu transport genes, whereas COPT5 transcript levels are not altered by Cu availability (Yamasaki et al. 2009 , Garcia-Molina et al. 2011 , Perea-Garcia et al. 2013 . In this work, we show that regulation of COPT6 expression exhibits similarities to and differences from both COPT1/2 and COPT5. First, COPT6 displays basal expression under Cu-sufficient conditions as previously shown for COPT5 ( Fig. 3 ; Garcia-Molina et al. 2011; Klaumann et al. 2011) . Secondly, COPT6 transcript levels increase in response to Cu limitation, but its up-regulation is observed at Cu sufficiency, which is not the case for COPT2 (Fig. 3) . Thirdly, COPT6 only contains two putative SPL7-binding motifs (GTAC) within its promoter region, whereas COPT1 and COPT2 possess four closely spaced GTAC sequences, and COPT5 lacks such elements ( Supplementary Fig. S2A ). Mutagenesis experiments using the miR398 promoter demonstrated that two nearby GTAC motifs are sufficient to trigger Cu-regulated expression, although additional GTAC elements located upstream would increased the amplitude of the transcriptional response (Yamasaki et al. 2009 ). Furthermore, induction of FRO3 metalloreductase expression is fully dependent on SPL7, even though GTAC sequences are not found within 1 kb upstream of its promoter region (Yamasaki et al. 2009 ). Fourthly, activation of COPT6 expression by low Cu is only partially dependent on the SPL7 transcription factor (Supplementary Fig. S2B ; Jung et al. 2012) . Despite SPL7 being expressed in roots and shoots, Jung and co-workers (Jung et al. 2012) have shown that COPT6 up-regulation in response to Cu starvation fully depends on SPL7 in shoots, whereas in roots this does not require SPL7. These observations suggest that in addition to SPL7, other Cu-dependent and Cu-independent mechanisms regulate Arabidopsis COPT6 expression.
The physiological function of some Arabidopsis COPT family members has been characterized in detail. COPT1 is expressed at the surface of root specific cells and participates in plant Cu acquisition, whereas COPT5 is highly abundant in the vacuolar membrane of root vascular tissues and functions in Cu reallocation (Sancenon et al. 2004 , GarciaMolina et al. 2011 , Klaumann et al. 2011 , Perea-Garcia et al. 2013 . COPT1/2 and COPT5 have an important function in roots via extracellular Cu acquisition and mobilization of stored Cu, respectively. However, little is known about the biological relevance of aerial COPT protein activities in Arabidopsis plants. An analysis of pCOPT6-GUS plants shows that the expression pattern of COPT6 differs drastically from those of COPT1 and COPT5 since it is mostly found in aerial tissues ( Fig. 2B ; Sancenon et al. 2004 , Garcia-Molina et al. 2011 , Klaumann et al. 2011 , Jung et al. 2012 ). If we compare COPT1, COPT2, COPT5 and COPT6 root expression patterns in detail, we find COPT5 highly expressed in the root vasculature, COPT1 only found in the primary and secondary root apex, COPT2 in the differentiation zone of primary and secondary roots, and COPT6 only slightly expressed in secondary roots. Both COPT2 and COPT6 are absent from the apex (Sancenon et al. 2004 , Garcia-Molina et al. 2011 , Jung et al. 2012 , Perea-Garcia et al. 2013 . Regarding the leaves, both COPT5 and COPT6, but not COPT1, are expressed in the vasculature, although COPT6 expression levels are more elevated than those of COPT5 ( Fig. 2B ; Sancenon et al. 2004 , Garcia-Molina et al. 2011 , Jung et al. 2012 . All Cu transport genes are expressed in trichomes, but only COPT1 and COPT6 are active in stomata. Expression of COPT genes in reproductive organs is especially remarkable. Both COPT5 and COPT6, but not COPT1, are expressed in pistil and filaments, whereas COPT1, COPT2 and COPT6, but not COPT5, are present in the anther and pollen ( Fig. 4 ; Sancenon et al. 2004 , Garcia-Molina et al. 2011 , Jung et al. 2012 ). COPT5 and COPT6 are both expressed in the transmitting tissue of the silique, whereas COPT6 is also present in the seed envelope ( Fig. 4 ; Garcia-Molina et al. 2011). All COPTs are detected at some stage of embryogenesis. From these tissue expression patterns we can conclude that plant Cu homeostasis requires the combined function of multiple COPT transport proteins in different tissues, and also points to some redundancy that could hamper the observation of phenotypes for single mutant lines.
Although yeast complementation assays and Cu regulation and localization studies in Arabidopsis clearly point to COPT6 participating in Cu transport, further data are necessary to decipher the role of COPT6 in plant physiology. Here, we have isolated a copt6 mutant line that has allowed us to uncover important COPT6 functions in plant Cu homeostasis. Consistent with COPT6 transcript up-regulation in response to Cu deficiency, copt6 phenotypes are manifested when Cu is reduced. COPT6 expression in the vasculature of aerial tissues including stems, leaves and siliques suggested that it could function in shoot Cu redistribution as previously shown for COPT5 (Garcia-Molina et al. 2011 , Klaumann et al. 2011 . Indeed, copt6 mutant plants display altered Cu distribution in above-ground tissues, including a significant accumulation of Cu in rosette leaves and a slight increase in stems, whereas lower levels of Cu are observed in seeds. This altered Cu distribution of copt6 mutants under Cu deficiency is specific since it is rescued by complementation with the wild-type COPT6 gene. Since CTR/COPT transport proteins are highly specific for Cu + , we used the Cu + -specific fluorescent CS3 probe to determine where COPT6 substrate accumulates in copt6 mutant seeds. Consistent with COPT6 expression in the seed envelope, we determined that, in the absence of COPT6, Cu-deficient plants accumulate less Cu + in the seed. These observations suggest that Cu-deficient plants cannot fulfill the elevated Cu demands from the developing embryo due to the lack of apoplastic loading in copt6 plants. Although alternative explanations are possible, we propose that COPT6 would also participate in Cu uptake into cells of seed filial tissues of endosperm and/or embryo. Metal transfer to these tissues is a potential rate-limiting factor in the whole plant process of mobilizing metals toward apically located seeds. Thus, if the seed sink strength is decreased in the copt6 mutant, the global Cu plant transport toward the seeds could be affected, accounting for reduced Cu efflux from stems and consequently for the increased Cu content in leaves (Fig. 5A) and reduced Cu seed loading in the copt6 mutant (Fig. 5B) . Furthermore, this fact is also reflected by the lower CS3 intensity in the copt6 mutant seeds (Fig. 6) .
Considering this work and previous studies, COPT proteins could carry out different but interdependent functions in plant Cu homeostasis. Arabidopsis COPT1 is responsible for Cu acquisition in the roots, especially under low Cu conditions (Sancenon et al. 2004) . Under severe Cu defects, Arabidopsis also activates Cu mobilization from the vacuole of root vascular tissues via COPT5 protein in order to guarantee sufficient Cu delivery to crucial processes including photosynthetic electron transport and seed development (Garcia-Molina et al. 2011 , Klaumann et al. 2011 . The results shown here suggest that COPT6 could be involved in Cu remobilization and redistribution from green tissues, such as stems and leaves, to reproductive organs when Cu becomes limiting. Since remobilization of some metals, including Cu, to aerial tissues depends largely on continuous uptake by the root (Waters and Grusak 2008) , a simultaneous lack of both root and shoot COPT transporters would definitively contribute to further understand how Cu homeostasis is achieved and to reveal the functions Cu serves in plants. These results also envisage potential biotechnological approaches (Waters and Sankaran, 2011) such as the alteration of COPT6-like gene expression levels in crops to fill seeds with essential micronutrients when scarce in soil.
Materials and Methods

Plant growth conditions and treatments
Arabidopsis thaliana Columbia (Col 0) seeds were sterilized and stratified for 2 d at 4
C. Seeds were sown on 1/2 MS medium plates containing 0.8% (w/v) agar and 1% (w/v) sucrose (Murashige and Skoog 1962) , and transferred to chambers with a photoperiod of 16 h light (65 mmol/m 2 , 23 C) and 8 h darkness (16 C). For gene expression analyses, seedlings were grown for 7 d on 1/2 MS medium supplemented with 1% (w/v) sucrose in a 12 h/12 h photoperiod. The specific Cu + -chelator BCS or CuSO 4 were added at the indicated concentrations. For metal content determination and seed analyses, hydroponic cultures were conducted from seedlings germinated on 0.1 Â Hoagland medium supplemented with agar 0.7% (w/v) and transferred to boxes containing 0.1 Â Hoagland pH 5.8 supplemented with 1 mM CuSO 4 (+Cu) or Hoagland without CuSO 4 (-Cu) as previously described (Hermans and Verbruggen 2005) .
Plasmid constructs
The entire COPT6 coding sequence was amplified with the COPT6-BamHI-F and COPT6-HindIII-R primers, and cloned into the p426GDP yeast expression vector to obtain the p426GDP-COPT6 construct. Plasmids p426GPD-COPT1, p426GPD-COPT2, p426GPD-COPT3 and p426GPD-COPT5 have been previously described (Sancenon et al. 2003) . The complete COPT6 open reading frame was fused in-frame to GFP in the 35-sGFP (S65T) plasmid (Miras et al. 2002) to obtain the p35-COPT6-GFP plasmid, which was used for the transient expression in Arabidopsis protoplasts. The specific primers used for this purpose were COPT6-SalI-F and COPT6-NcoI-R. The COPT6-GFP sequence was amplified from p35-COPT6-GFP plasmid with COPT6-BamHI-F and GFP-SalI-R primers and cloned into p426GPD yeast vector to obtain the p426GPD-COPT6-GFP plasmid that was used to check COPT6-GFP functionality in yeast complementation assays (data not shown). To complement the copt6 mutant line, a 1,512 bp genomic fragment containing the COPT6 promoter and its coding sequence was amplified with COPT6-GW-F and COPT6-GW-R primers and cloned into the entry vector pDONR207 (Invitrogen) by the Gateway-based BP recombinase (Invitrogen). The consequent pDONR207::COPT6p-COPT6 was used to generate the destiny vector with pMDC123 (Curtis and Grossniklaus 2003) by means of the Gateway-based LR recombinase (Invitrogen). To obtain the pFP101-COPT6-HA plasmid, a PCR fragment harboring the COPT6 coding sequence without the stop codon fused to the human influenza virus eptiope HA tag was amplified with COPT6-SalI-F and COPT6HA-SalI-R primers and cloned into the pFP101 vector (Bensmihen et al. 2005) . To determine the COPT6 tissue-specific expression pattern, the uidA coding sequence and 389 nucleotides of the COPT6 promoter region were cloned into the pFP101 vector (Bensmihen et al. 2005 ) lacking the Cauliflower mosaic virus (CaMV) 35S promoter to obtain the pCOPT6-GUS construct.
Functional complementation assays in yeast
The S. cerevisiae ctr1Dctr3D mutant strain was transformed with p426GPD, or with the vector containing COPT1, COPT2, COPT3, COPT5, COPT6 or COPT6-GFP. Yeast transformants were purified and assayed for growth on glucose (SC-ura: 0.67% yeast nitrogen base without amino acids, 0.2% dropout mixture without uracil, 2% glucose; or YPD: 1% yeast extract, 2% bactopeptone, 2% glucose), glucose + 100 mM bathophenanthroline disulfonate (SC-ura or YPD + BPS), ethanol/glycerol (YPEG: 1% yeast extract, 2% bactopeptone, 2% ethanol, 3% glycerol) and ethanol/glycerol + Cu (YPEG supplemented with 100 mM CuSO 4 ) media solidified with 1.5% agar. Plates were incubated for 3-9 d at 30 C and photographed.
Isolation of plants with altered COPT6 expression levels
The Arabidopsis T-DNA insertion line copt6 was obtained from the GABI-Kat project (AL953351). The copt6 mutant line was self-pollinated, and homozygous lines were obtained. Oligonucleotides COPT6-RB, COPT6-LB and GABI-Kat-PCR were used to analyze the insertion site of the T-DNA within the COPT6 locus. To complement the copt6 mutant plant, the Agrobacterium tumefaciens GV3101 pMP90 strain harboring the binary pMDC123-COPT6p-COPT6 plasmid was used to transform copt6 lines by floral dipping. Transformants were selected by spraying seedlings with a solution of BASTA (0.2% w/v). COPT6 overexpression with the CaMV 35S promoter was conducted by transforming wild-type plants with the binary pFP101-COPT6-HA vector. COPT6 OE transformants were selected according to their seed fluorescence.
Gene expression analyses
Total Arabidopsis RNA was extracted with Trizol reagent (Ambion) and reverse transcription-PCR (RT-PCR) was performed with Superscript II (Invitrogen) as previously described (Andres-Colas et al. 2006) . Semi-quantitative PCRs were performed for COPT6, CSD1, FSD1 and ACT1 genes by using the COPT6-RT-F/COPT6-NcoI-R, CSD1-RT-F/CSD1-RT-R, FSD1-RT-F/FSD1-RT-R and ACT1-F/ACT1-R pairs of primers (see Table 1 ) at non-saturating conditions. qPCRs were performed with Platinum SYBR Green qPCR SuperMix-UDG with ROX (Invitrogen) to determine COPT2, COPT6 and Ubiquitin 10 (UBQ10) expression levels by using the specific COPT2-qRT-F/ COPT2-qRT-R, COPT6-qPCR-F/COPT6-qPCR-R and UBQ10-F1/UBQ10-R1 oligonucleotides (see Table 1 ). Relative amounts of mRNA were normalized to UBQ10.
Seed preparation
Green siliques were scratched with a razor to release immature seeds. Seeds were rapidly fixed in 0.5% glutaraldehyde and 2.5% formaldehyde in 0.1 M phosphate buffer (pH 7.4) at 4 C overnight. Fixed seeds were washed three times with phosphate buffer 0.1 M pH 7.4, followed by thorough rinsing in milliQ water. After progressive dehydration in a graded water-ethanol series and embedding in medium-grade LR White resin (Plano GmbH) at 4 C, samples were polymerized under UV light for 24 h at À20 C and 24 h at 0 C. Thin slices (0.5 mm) were incubated with a concentrated propidium iodide solution for 5 min, rinsed with milliQ water and incubated with the CS3 probe (10 mM in water) for 20-40 min at room temperature. Finally, seeds were rinsed with milliQ water before being observed under a Leica TCS SP2 confocal microscope at 488 nm for the excitation wavelength, 550-650 nm for the CS3 emission wavelength and 650-680 nm for the propidium iodide. The fluorescence intensity was determined from at least five different areas in four images with the ImageJ software (Schneider et al. 2012 ).
Miscellaneous methods
Sequence analyses were performed with ClustalW2 and TMHMM Server v2.0. For determination of endogenous Cu levels, samples were digested with 65% (v/v) HNO 3 at 90 C, diluted with milliQ PLUS water and analyzed by ICP-MS at the Servei Central d'Instrumentació Científica (Universitat Jaume I de Castelló) and Servicios Centrales de Investigación (Universidad de Almería). Subcellular localization of COPT6-GFP in Arabidopsis protoplasts by confocal imaging was performed as previously described (Garcia-Molina et al. 2011 ). The GUS histochemical staining was performed as described elsewhere (Sancenon et al. 2004) . Western blot analyses against COPT6-HA protein were conducted as described previously (Perea-Garcia et al. 2013 ) by using a high-affinity mouse anti-HA antibody (3F10; Roche) and a secondary horseradish peroxidase-conjugated antibody against the mouse IgG (Amersham).
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Supplementary data are available at PCP online.
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